In the current work, we performed a cDNA expression with the Leber-associated C330Y and Y368H substituscreen for the isomerase in bovine RPE. The final clone tions had no isomerase activity. Identification of from this screen contained very high isomerase activity.
Figure 1. Visual Cycle for Regeneration of Rhodopsin
The light-sensitive protein in rods is rhodopsin, in the membranes of the outer segment. The 11-cis-retinaldehyde (11cRAL) chromophore is coupled to rhodopsin through a protonated Schiff-base linkage.
Absorption of a photon (hv) induces 11-cis to all-trans isomerization of retinaldehyde to yield metarhodopsin, which activates the visual transduction cascade. The all-trans-retinaldehyde (atRAL) subsequently dissociates from apo-opsin and is reduced to all-trans-retinol (atROL) by all-trans-retinol dehydrogenase (atRDH). The atROL diffuses from the outer segment and is taken up by an RPE cell, where it is transferred to a fatty acid from phosphatidylcholine by lecithin-retinol acyl transferase (LRAT) to yield an all-trans-retinyl ester (atRE). The atRE is converted to 11-cis-retinol (11cROL) by the isomerase (shown here to be Rpe65
). The 11cROL is oxidized by one of several 11cROL dehydrogenases (11cRDHs) to yield 11cRAL. 11cROL and 11cRAL are bound to CRALBP. The 11cRAL diffuses back to the outer segment where it combines with apo-opsin to form a new rhodopsin pigment molecule. matography (HPLC), we included a saponification step library pool. Pools #7 and #25 contained approximately 2.8-fold higher levels of 11cROL than the pRK5 control to hydrolyze any retinyl esters formed by LRAT to their cognate retinols before analysis. In the primary screen, ( Figure 3A ). To confirm this result, we reanalyzed these library pools for isomerase activity by an alternate apwe observed variable production of 11cROL by each proach. As before, we transfected 293T-LRC cells with plasmid from the library pools plus nonrecombinant pRK5. This time, we did not add atROL to the medium. Instead, we prepared cell homogenates from each pool as an enzyme source for in vitro isomerase assays. As before, we performed alkaline hydrolysis of the retinyl esters before analyzing the retinoids by HPLC. Although the absolute levels of 11cROL produced in these in vitro assays were lower, the homogenate from cells transfected with pool #7 synthesized 2-fold more 11cROL than the homogenate from pRK5-transfected cells (data not shown). The homogenate from pool #25 synthesized only 1.5-fold more 11cROL than the pRK5 control (data not shown). We selected library pool #7 for secondary screening.
We transformed E. coli with plasmid from pool #7 and plated at an average density of 650 colonies per dish. We used plasmid DNA from the resulting 30 library subpools to transfect 293T-LRC cells and repeated the in vivo assay for isomerase activity. Subpool #7:22 contained 7-fold more 11cROL than the pRK5 control (Figure 3B) . Figure 3C shows the chromatogram of retinoids extracted from subpool #7:22, scaled to reveal with the same scale. To confirm that subpool #7:22 contains isomerase activity, we retransfected 293T-LRC expression of LRAT in 293T-LRC cells is likely due to cells with DNA from multiple subpools including #7:22 increased synthesis of atREs by LRAT ( Figure 3H ). plus pRK5 for in vitro analysis. Here again, the pattern of 11cROL production relative to pRK5 was similar to LRAT and Rpe65 Are Expressed at Higher Levels in the pattern seen with the in vivo assay (not shown).
Transiently versus Stably Transfected Cells Thus, subpool #7:22 possessed isomerase activity and
The amount of 11cROL produced in 293T-LRC cells was a valid candidate for tertiary screening.
transiently transfected with pLRAT or pRPE65 was We transformed E. coli with plasmid DNA from submuch greater than the amount produced in 293T-LRC pool #7:22 and plated the cells at an average density cells transfected with pRK5 ( Figures 3H and 3I) . A posof 36 colonies per dish. From each dish we prepared sible explanation is that expression of LRAT and Rpe65 plasmid, which we used to transfect 293T-LRC cells in was higher following transient transfection. To test this another set of in vivo assays for isomerase. The amount possibility, we performed immunoblot analysis of 293T-of 11cROL in subpools #7:22:9 and #7:22:18 was ap-LRC homogenates before and after transient transfecproximately 11-fold higher than the amount produced tion with pRPE65 or pLRAT. Rpe65 was approximately in pRK5-transfected cells ( Figure 3F ). As before, we 10-fold higher in 293T-LRC cells transiently transfected performed in vitro analysis to confirm our identification with bovine Rpe65 compared to nontransfected 293T-of subpools at this stage of the screen. The homoge-LRC cells ( Figure 4A ). LRAT was more than 10-fold nate from subpool #7:22:9 contained only 2-fold higher higher in transiently transfected versus nontransfected isomerase activity than the pRK5 control, while subpool 293T-LRC cells ( Figure 4A ). As expected, neither pro-#7:22:18 contained 6-fold higher isomerase activity tein was detectable in 293T cells. Figure 5F shows the UV spectrum from the 11cROL Y368H-substituted Rpe65 ( Figure 6A ). We assayed for expression of Rpe65 by immunoblotting. Similar levels peak in Figure 5E .
To analyze the kinetics of Rpe65-catalyzed isomerof wild-type, C330Y-and Y368H-substituted Rpe65 were present in transfected 293T-LC cells ( Figure 6B ). ization, we prepared membranes from Sf9 cells infected with recombinant baculoviruses for Rpe65 or GFP. We Thus, nonproduction of 11cROL by these expressing cells was due to reduced catalytic activity and not deincubated these membranes in assay buffer containing different concentrations of atRP substrate and meacreased stability of the substituted Rpe65. sured the initial rates of 11cROL formation by HPLC. Figure 3G) , and why the isolation of clone #7:22:9:10 from subpool #7:22:9 was not accompanied by an increase in 11cROL production (Figures 3F and 3H) As expected, synthesis of 11cROL increased at each with the in vitro isomerase assay, using baculovirusinfected Sf9 cell membranes as an enzyme source (Figstep of the screen (Figure 3) . Two subpools containing isomerase activity emerged in the third round of ures 5C and 5D). Finally, Rpe65 exhibited classic Michaelis-Menten kinetics for synthesis of 11cROL from screening ( Figure 3F ). The 11cROL-producing clone in subpool #7:22:9 turned out to be LRAT. To rule out that atRP ( Figures 5I and 5J) . The K M of Rpe65 was 7.1 M. Collectively, these results confirm that Rpe65 pos-LRAT possesses intrinsic isomerase activity, we transiently transfected subpool #7:22:9 and clone #7:22:9:10 sesses intrinsic isomerase activity. Mice homozygous for a null mutation in the rpe65 (pLRAT) into 293T-LC cells, which stably express LRAT and CRALBP but not Rpe65 (Figure 2 isomerase activity observed in membranes from Sf9 How has Rpe65 so long escaped functional identificells expressing Rpe65 ( Figure 5 ). The biochemical mechcation? One reason is its low catalytic activity. V max for anism for palmitoylation of Rpe65 in Sf9 cells is unthe isomerase in bovine RPE microsomes was 43 pmol known. However, we can rule out LRAT as the obligate per minute per mg protein using atROL as substrate acyltransferase, since expression of Rpe65 without LRAT (Winston and Rando, 1998). In contrast, V max for LRAT did not reduce isomerase activity ( Figure 5D ). In fact, in bovine RPE microsomes was 103-199 nmol per minisomerase activity was slightly higher when Rpe65 was ute per mg (Saari and Bredberg, 1988; Shi et al., 1993) . expressed in 293T or Sf9 cells without LRAT (Figures Therefore, LRAT is several thousand-fold more active 4B, 5B, and 5D). This effect may be due to depletion than the isomerase in similar membrane preparations. of atRP substrate by LRAT through the reverse esterRpe65 has been estimated to account for 10% of total synthase reaction (Saari et al., 1993) . We conclude that microsomal proteins in bovine RPE (Bavik et al., 1992) .
Rpe65 exhibited classical Michaelis-Menten kinetics
LRAT is not required for isomerase activity except to Although the abundance of LRAT has not been pubsynthesize atRE substrate from atROL. In contrast, coexlished, it undoubtedly represents less than 1% of total pression of Rpe65 with CRALBP stimulated the synthemicrosomal proteins. Thus, the specific activity of LRAT sis of 11cROL ( Figures 5A and 5B ). This observation is is at least 25,000-fold higher than that of Rpe65. RPE consistent with the proposed role of CRALBP as an 11-cells probably compensate for this low catalytic activity cis-retinoid binding-protein (Saari and Bredberg, 1987 ) by increasing the abundance of Rpe65. With a nonlimitthat frees the isomerase from inhibition by its 11cROL ing substrate, such as atREs in RPE membranes, the product (Winston and Rando, 1998). "strategy" of upregulating expression of an enzyme to In summary, we identified Rpe65 as the retinoid isomcompensate for its low catalytic is kinetically valid. erase in RPE using an unbiased expression screen. We Hence, the high abundance of Rpe65 is probably a reconfirmed this identification by demonstrating isomflection of its low activity as an enzyme. Another reason erase activity in Sf9 cells that express only Rpe65. It why assigning a catalytic function to Rpe65 has proven is possible that Rpe65 requires for catalytic activity an so difficult is that this enzyme loses activity during puriauxiliary protein endogenously present in both 293T fication (Mata et al., 2004) 
